Abstract. Activated mitogen-activated protein kinase MAPK cascade leading to ERK1/2 phosphorylation is expressed in the majority of glial neoplasms and negatively correlates with survival time of patients. Here we show that ERK1/2 kinases are constitutively activated in glioma cell lines and stem cellenriched primary cultures of glioblastoma. Pharmacological targeting of the activated MEK/ERK1/2 module with the MEK inhibitor U0126 attenuates cell cycle progression (11 out of 11 cell lines), impairs single (7 out of 10) and collective cell migration (9 out of 11) and abolishes single cell emigration from monolayers (4 out of 9). Attacking the activated MEK/ ERK1/2 module thus partially blocks the tumorigenic potential of glial cancer cells on different levels and strongly suggests the application of combination molecularly targeted therapies to interfere more efficiently with glial tumor development and progression.
Introduction
Amongst the different signal transduction pathways, the mitogen-activated protein kinase (MAPK) pathway plays a fundamental role in that it brings together a number of different extracellular signals influencing a variety of phenomena involved in cellular behavior such as proliferation, migration, differentiation or survival (1) . This pathway is characterized by the activation of Ras GTPase, leading to an activation of the serine/threonine kinase Raf which in turn phosphorylates MEK (MAP/ERK kinase), the latter activating extracellular signal-regulated kinases (ERKs) (1, 2) . In cancer research the MAPK cascade leading to ERK1/2 activation has been subject of particular interest as this pathway is activated in a broad spectrum of tumors and may thus represent a potential molecular target for therapeutic intervention (2) . The cellular outcome of ERK1/2 signaling is complex, because signal specificity can be modified by the duration, magnitude and subcellular localization of ERK activation, thereby even leading to opposite effects, i.e. cell proliferation versus cell cycle arrest and cell differentiation (3) .
Constitutively activated ERK1/2 is expressed in many human cancers derived from different organs, such as brain, colon, kidney, lung or cells of hematopoietic origin (4, 5) . The presence of activated ERK1/2 has been also documented in glial neoplasms (6) (7) (8) , whereby activated ERK1/2 correlates with decreased overall survival time of patients and increased tumor resistance to radiotherapy (8, 9) . Gliomas are the most frequent central nervous system tumors that arise from astrocytes, oligodendrocytes or their respective precursors (10) . Although mutational activation of Ras proteins is absent in high-grade gliomas, an increased Ras activity is present in these tumors, most likely due to overexpression and constitutive activity of upstream signaling elements or downregulation of Ras repressor proteins (11) .
A number of pharmacological agents interfere with the Ras/Raf/MEK/ERK signaling cascade including U0126 that inhibits MEK in a non-substrate competitive manner (12) . U0126 is supposed to directly inhibit the catalytic activity of MEK but, in contrast to PD98059, does not block its phosphorylation by Raf (12) .
Here we show that ERK1/2 is constitutively activated, i.e. phosphorylated (pERK1/2), in established glioma cell lines as well as in primary tumor (stem) cells in a MEK-dependent, i.e. U0126-inhibitable manner. In glioma cell lines, pharmacological targeting of the MEK/ERK1/2 module only partially inhibits cell proliferation and migration, suggesting an inclusion of comparable small molecule kinase inhibitors only in the frame of combination therapies.
Materials and methods

Materials.
The following materials were used: MEK inhibitor U0126 (Promega), phalloidin-TRITC (Sigma), monoclonal phospho-p44/42 MAPK antibody to dually phosphorylated ERK1/2, and polyclonal p44/42 MAPK antibodies recognizing both phosphorylated and unphosphorylated ERK1/2 (Cell Signaling Technology/New England Biolabs). Human glioma cell lines  A172, A1207, U87MG, U178MG, U251MG, U373MG, SK-MG4,  SK-MG5, SK-MG15, human oligodendroglioma cell line TC620 and rat glioma cell line C6 were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS) as described (13) . In inhibition experiments, the MAPK kinase inhibitor U0126 (1 mg/ml in DMSO; final concentration 10 µM) or the respective amount of the solvent was added. In long-term experiments, fresh inhibitor was added every second day. Primary cultures of human glioblastoma cells were derived from the center regions of resected tumor tissue and maintained in defined, serum free, stem cell-favorable conditions as previously described (14) .
Cell lines and culture conditions.
Cell extraction and Western blot analysis. Cell solubilization in the presence of protease and phosphatase inhibitors (1 mM Na-orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 2 µM soybean trypsin inhibitor) and Western blot analyses were carried out as described (13) .
Cell proliferation assay. Four hundred cells in 100 µl culture medium were seeded in 96-well plates (12 wells per time point and treatment). Twenty-four hours later (T0), cells were either fixed with 4% formaldehyde in PBS, or U0126 (final concentration 10 µM) or respectively DMSO (solvent for U0126) was added in 100 µl of culture medium. At this concentration, U0126 affects only the activity of MEK without a considerable impact on other kinases. After a further culture period of 72 h (T1) cells were also fixed with 4% formaldehyde. Cells from both time points were then stained with DAPI (1 µg/ml in PBS) and the cell number in a defined area of each well was determined microscopically.
Collective cell migration assay. Nine thousand cells in a total volume of 3 µl were spotted onto Petri dishes and allowed to adhere overnight. After floating the dishes with culture medium, the adherent and confluent cells occupied a circular area. Diameters of areas (12 per dish) were determined microscopically subsequently after floating (T0) and a second time after a 72-h culture period (T1) with or without 10 µM U0126.
Single cell migration assay. Four thousand cells in 500 µl culture medium were applied to 24-well plates and allowed to adhere overnight. Six hours prior to time-lapse analysis, U0126 (final concentration 10 µM) or DMSO (both diluted in 500 µl culture medium) was added per well. Time-lapse microscopy and analysis was performed as described (29) . Briefly, plates were transferred to a heated (37˚C), gassed (5% CO 2 /air) and humidified chamber fitted onto an inverted microscope (Leica DM IRE2 HC Fluo) with a motorized cross-stage. Images were recorded every 10 min for 24 h. Cell movement was tracked and analyzed with ImageJ plugin MTrackJ (www. imagescience.org/meijering/software/mtrackj/). 
Results
MEK/ERK1/2 pathway is constitutively activated in glioma cell lines.
Human glioma (A172, A1207, U87MG, U178MG, U251MG, U373MG, SKMG-4, SKMG-5, SKMG-15), oligodendroglioma (TC620) and rat glioma (C6) cell lines were either cultured for 48 h in DMEM in the presence or absence of 10% FCS, or for 48 h in the absence and finally for further 20 min in the presence of 10% serum. In Western blot analyses, pERK1/2 was detectable in all cell lines when cultured in the absence of serum, suggesting a constitutive activation of ERK1/2 (Fig. 1A) . With the exception of A1207 and SKMG-4 cells, serum stimulation of cells maintained for 48 h in serum-free medium led to a significant increase in pERK1/2 expression level (Fig. 1A) . The expression level of pERK1/2 was drastically reduced in the presence of MEK inhibitor U0126 (Fig. 1B) . U0126 was used at a concentration of 10 µM throughout the study; at higher doses, appreciable cell death was evident, as determined by trypan blue staining. In contrast to glioma cells, primary astrocytes derived from early postnatal mouse brain did not express pERK1/2 (not shown).
Activated MEK/ERK1/2 promotes glioma cell proliferation.
Glioma cells were seeded at low density in 96-well plates and allowed to proliferate for three days in the absence or presence of U0126 (Fig. 2 , Table I ). For untreated cells doubling time varied from 17.6 (A172) to 39.7 h (SKMG-5), with a mean value of 27±7 h. U0126 treatment provoked a significant reduction in cell proliferation (Table I) Cells at high density (9000 cells in 3 µl) were seeded onto twelve defined regions per Petri dish and allowed to adhere overnight. Dishes were then floated with culture medium (T0) and cells were treated for three days (T1) with or without 10 µM U0126. Diameters of circular areas occupied by cells (Fig. 3) were determined at T0 and T1. Two to five experiments were performed for each cell line. The values shown are normalized in respect to the initial areas occupied by cells. Thus, values (given as mean ± SD) represent increase in area per day (in mm 2 ) per mm 2 of the initial area at T0. Statistical significance was evaluated with an unpaired two-sample Student's t-test. Asterisks indicate statistical significance.
Activated MEK/ERK1/2 promotes collective glioma cell migration. Glioma cells spotted onto Petri dishes formed a well-defined circular monolayer that allowed the analysis of collective cell migration (Fig. 3 for U373 cells) . When integrated within a monolayer, all cells were capable to migrate on a plastic surface. With the exception of SKMG-15 and TC620 cells, a tendency of single cells to leave the cell collective was observed during the culture time, but still allowed a precise determination of the monolayer's diameter (Fig. 3 , Table II In nine of eleven cell lines a significant reduction in the migration rate (ranging from 23 to 42%) was observed upon U0126 treatment (Table II) . Except for C6 cells, treatment with U0126 did not lead to disintegration of the actin cytoskeleton, as determined by TRITC-phalloidin staining (Fig. 4) .
Activated MEK/ERK1/2 promotes single cell emigration.
In the collective cell migration assay a considerable number of single cells was observed that had left the cell monolayer (except for SKMG-15 and TC-620 cells). In four cell lines emigration was completely abolished in the presence of U0126 (Fig. 5 , Table III ), suggesting that the MEK/ERK1/2 pathway can take part in controlling cell-to-cell adhesion.
Activated MEK/ERK1/2 promotes glioma-single cell migration.
We further analyzed the migration pattern of single glioma cells. For this purpose, cells were cultured at low density with or without U0126 and the migration paths of individual cells were ance of pERK1/2 in stem cell-enriched primary cultures of patient-specific glioblastoma samples in a representative collection of previously characterized cells maintained under defined serum-free conditions (14) . Activated ERK1/2 could be verified in all ten cultures tested (Fig. 7A) . Moreover, the expression of pERK1/2 was not controlled by serum components and could be partially inhibited by U0126 treatment (Fig. 7B) , suggesting the activation of MEK/ERK1/2-regulated signaling in glioma stem cells as well.
Discussion
In the present study we demonstrate that an aberrantly activated MAPK signal pathway is present in glioma (stem) cells that promotes proliferation, collective and single cell migration, as well as single cell emigration from monolayers. Under normal culture conditions, the extent of ERK1/2 phosphorylation in most if not all glioma cells were incomplete since it could be hyperactivated by serum-stimulation of quiescent cells. Thus, the actual degree of activated ERK1/2 in glial tumor cells could be considerable higher. An extrapolation to the cellular level would imply that the proliferative and migratory potential of glioma cells is underestimated in our study.
The inhibition of ERK1/2 phosphorylation increased by U0126 treatment, but though almost complete (Fig. 1) , it only led to a slowdown not to an entire arrest in cell proliferation and migration. Although this could be caused by a residual pERK1/2 activity, it is more likely that multiple pathways are concomitantly involved in the control of such complex cell behavior. Paternot and Roger (14) have recently demonstrated that combined perturbation of MAPK/ERK1/2 and PI3/Akt/ mTOR signaling prevents proliferation of glioma cells more efficiently than inhibition of a single pathway. Moreover, PI3K pathway activation mediates resistance to MEK inhibitors in RAS mutant cancers (15) .
In all glioma cells only a partial inhibition of proliferation was observed. Also on the single cell level, in preliminary Ki67-staining experiments we found no evidence for the appearance of a considerable number of resting cells upon U0126 treatment. The partial inhibition of cell cycle progression observed, could again reflect a cooperativity of different signaling pathways as demonstrated for MEK/ERK1/2 and PI3K/Akt pathways (16) .
Greatly increased pERK1/2 levels do not per se lead to a greatly increased proliferation rate. Albeit we have not performed precise measurements, primary glioma stem cells used divided much slower than established glioma cell lines, although both express comparable amounts of pERK1/2. An explanation for such differences could be the presence of graded or switch-like ERK1/2-dependent response mechanisms (17) . Treatment of quiescent 3T3 cells with increasing concentrations of plateletderived growth factor induced a graded increase in ERK activity. However, only when ERK phosphorylation exceeded a certain threshold level, cells entered the S phase and cell cycle progression was accompanied by a dramatic nuclear translocation of activated ERK (17) .
During glial tumor development and progression also migratory processes play an essential role that means single as well as collective cell migratory events must be considered. Most of the glioma cells used in our study migrated as collective (11 out of 11) and as single cells (10 out of 11) on a plastic surface. Given more favorable conditions, i.e. a laminin substrate, also single TC-620 cells were capable of migration (not shown). Nevertheless, it is remarkable that collective TC-620 cells may constitute an environment that allows migration on unfavorable substrates, indicating that cell-cell interactions could partially substitute cell-substrate interactions. Histopathology of glioblastomas has revealed the presence of protruding fronts of collective tumor cells in motion, a finding supported by in silico histopathological models (18) .
U0126 treatment abolishes collective and single cell migration. For a number of tumor cells such as breast cancer (19) , pancreatic carcinoma (20) or fibrosarcoma cells (21) , the contribution of the MEKERK1/2 module to promotion of cell migration has already been reported. Noteworthy, although elevated ERK1/2 activity correlates with an increased migratory potential, this is not necessarily coupled to an increased invasion potential in vitro, as shown for breast cancer cells (19) . The migratory potential of glial tumor cells seems to increase their anti-apoptotic competence, as migrating glioma cells activate the PI3 kinase pathway and, thereby, are protected from camptothecin-and Trailinduced apoptosis (22) . Therefore, an important question is whether the inhibition of MEK1/2/ERK1/2-regulated signaling pathways would also sensitize glioma cells for apoptotic stimuli. Another fatal feature of gliomas is the migration of solitary cells into native brain tissue, thus preventing the complete surgical resection of the primary tumor mass. The first step of this invasion process is the disintegration of individual cells from the tumor mass proper (23) . The emigration of single tumor cells from a monolayer was observed in most cell lines may represent an in vitro 2D model of this process. The complete prevention of emigration by U0126 treatment suggests a strengthening of cell-cell interactions evoked by ERK1/2 inactivation.
The constitutive expression of pERK1/2 in primary glioma stem cell-enriched cultures is in line with data recently published (24) . The authors have shown in a mouse model that activation of the Ras/MAPK pathway in combination with either Ink4a/Arf loss or Akt activation leads to the development of high-grade gliomas in vivo. Thus, it is likely that activation of the RAS/MAPK cascade is a key element in glioma initiation. In contrast, an in vivo model of human invasive U251 cells in the brain parenchyma of mice suggests a positive correlation of increased pERK1/2 expression with decreased stemness (25) . Unfortunately, comparable data from primary tumors are currently not available.
In our study we have applied U0126 at a concentration that did not induce unspecific cell death. Although the responsiveness of different cell lines may vary, it is unlikely that a complete and specific cessation of cell migration and proliferation would have been obtained with higher drug concentrations. Transferred to clinical practice our data underline the need of combinatorial therapeutic strategies, all the more because the efficacy of small molecule kinase inhibitors in single drug glioblastoma therapies is to date disappointing and did not lead to a general benefit for patients (reviewed in refs. [26] [27] [28] . This lack of efficacy could be caused by different limitations of the therapy regimes, mainly that: i) the inactivation of downstream targets was not analyzed, ii) the activity of the agent was restricted only to a subpopulation of patients, iii) single-agent therapy was ineffective due to the activity of alternative pathways, or iv) the study endpoints may not allow an evaluation of the benefit. To illustrate the state of the therapy with an (admittedly simplistic and theoretical) example: in our experiments U0126-provoked inhibition of cell proliferation, reduced the number of newly originated tumor cells on average by 92% after 10 divisions. These results from a difference in 3.6 cell divisions, i.e. the number of cells in control cultures after 10 divisions will be reached in U0126-treated cultures already 7 days later. During this time period, the total cell volume increases by factor of 12. Within the broad time frame of clinical studies, such differences are not detectable (and would rightly not be judged as a benefit). The selective application of drugs at hand attacking the MEK/ ERK1/2 module is probably only promising for slowly dividing glial tumors. Thus, for more efficient strategies combination therapies are warranted that stop and not only partially inhibit tumor progression.
